Bone micro-fragility caused by the mimetic aging processes in α-klotho deficient mice: in situ nanoindentation assessment of dilatational bands.
The nanoscale structure-function relationship is a key determinant of bone toughness or micro-fragility. The loss of bone toughness during the aging process has been accepted based on empirical evidence, but this concept has not yet been fully supported by evidence at the material level. Here, we demonstrate a reduction in bone toughening mechanism in mimetic aged cortical bone obtained from α-klotho deficient (α-klotho(-/-)) mice and assessed by in situ dynamic mechanical analysis. The strain-rate nanoindentation tests showed enhanced stiffening of the wild-type calvarial bone and a large dimensional recovery during rapid loading following the constant displacement test. Such strain-dependent stiffening was likely associated with nanoscale dilatational bands and subsequent strain-energy transfer to the superior wild-type cross-linked collagen matrix network. The absence of dilatational bands formed by hydroxyapatite crystals and non-collagenous proteins in the α-klotho(-/-) bone samples likely diminished the intrinsic bone toughening mechanisms almost independent of viscoelastic behaviors. Such nanoscale structural alternations that occur during aging processes lead to crack propagation and result in overall bone fractures under large external stresses. In addition, dynamic mechanical analysis using instrumented nanoindentation was useful for the evaluation of bone mechanical properties in this pathological model of a genetic knockout mouse.